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Abstract
The tests were performed using a new equipment, built to simulate aqueous erosion and monitor its electrochemical behav-
iour. This test was called electrochemical slurry erosion wear method. In this equipment, it is possible to measure the effect 
of simultaneous erosion wear and electrochemical tests on the passive film behaviour. This kind of test on titanium was not 
found in the literature review, until now. The aim of this study was to analyse the behaviour of the passive titanium oxide layer, 
employing polarization curves simultaneously to the slurry erosion wear, unprecedented in the study of titanium passivity 
under erosive wear, varying the stirring speed and amount of erodent. Therefore, the hydrodynamic shear stress incurred 
under different stirring speed conditions exerts influence on the corrosion resistance of commercially pure titanium (Ti–Cp).
Keywords Titanium · Passive film · Electrochemical-erosion-behaviour · Polarization curves · Ellipsometry
1 Introduction
The corrosion resistance of titanium (Ti) and its alloys 
depends on the stability, thickness and adhesion of passive 
titanium oxide. This passive oxide generally corresponds 
to  TiO2 associated or not with other oxides such as  Ti2O3 
[1]. These oxides are usually spontaneously formed in con-
tact with the atmosphere and give titanium a high corrosion 
resistance even in highly corrosive environments. In addi-
tion, Ti alloys have important mechanical properties such 
as good mechanical strength, good weight–resistance ratio, 
among others [2]. Thus, there are several applications where 
titanium and its alloys can be employed, such as pipes and 
linings of geothermal plants [3].
The erosion–corrosion process involves two different 
mechanisms and leads to material degradation. The two 
mechanisms are mechanical erosion and chemical corrosion. 
Repeated particle impacts are thought to tend to break the 
passive protective film, consequently exposing the substrate 
to corrosive actions and causing increased titanium dissolu-
tion. In addition, this mechanism affects the repassivation 
process by altering the film thickness and surface roughness 
of the substrate [4, 5]. The erosive–corrosion wear occurs 
in marine and offshore applications as tube and shell heat 
exchangers, steam condensers, valves, pumps and pipelines. 
In addition, it can occur in heat exchanger tubes used in 
mining, power plants, refineries and chemical, oil and gas 
industries [6, 7].
Many researchers have been studying the properties of 
passive titanium oxide in several applications. An example 
is the influence and morphological control of the titanium 
film on different electrolytes [8]. Another study demon-
strated the influence of sulphides on the corrosion resistance 
of the passive titanium film in an environment simulating 
sea water. The results demonstrated that the formation of 
TiOS or TiS oxides and sulphides in the passive film would 
reduce the amount of  TiO2 present on the titanium surface, 
thus reducing the corrosion resistance of the material [9]. 
The anodized titanium film damaged by mechanical action 
was recovered through chemical oxidation [10]. In another 
research, the electrochemical behaviour of titanium–plati-
num bimetallic samples, in the presence of amino acids for 
biomedical applications, was evaluated [11]. For that, elec-
trochemical cyclic voltammeter, electrochemical impedance 
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spectroscopy and scanning microscopy assays were used. 
The results show that the presence of amino acids affects 
the growth of the oxide layer on the titanium surface under 
anodic polarization. Some authors have studied the effect 
of erosion–corrosion on titanium and its alloys using the jet 
impingement apparatus [7–9]. Although many studies have 
been performed regarding the mechanical or electrochemical 
behaviour of this oxide layer formed on Ti and its alloys, no 
studies have been found that research the effect of the cor-
rosive and erosive interaction in aqueous environment (in a 
suspension containing silica particles in a chloride medium) 
simultaneously on the behaviour of the oxide surface film 
that covers commercially pure titanium.
In the present study, the electrochemical slurry erosion 
wear method was used in commercially pure titanium sam-
ples using a suspension containing silica particles (erodent) 
in 0.5% NaCl (wt%). These particles should promote the 
increasing removal of the protective oxide layer, allowing 
the study of film reformation and the protective capacity 
of this film when subjected to erosive wear. Considering 
the electrochemical behaviour as a whole, the influence of 
erodent concentration, stirring speed and electrochemical 
potential on the formation kinetics of the passive surface 
film was investigated. In addition to the electrochemical 
slurry erosion wear method, chronoamperometry, ellipsom-
etry and interferometry tests were performed. The corrosion 
potential in the cathodic direction was evaluated by the gen-
eralized ANOVA statistical tool as a way of determining the 
protective capacity of the anodic film formed.
2  Materials and Methods
The tests were performed by using aqueous erosive testing 
and electrochemical testing equipment, which was developed 
in our laboratory and is under patent application n. BR 10 
2019 015849 2. This device (Fig. 1) performs erosive wear 
in aqueous solution and electrochemical evaluation, simul-
taneously. It allows electrochemical evaluation in real time. 
Thus, it is possible to analyse the effects and changes in the 
test parameters and how they affect the protective passive 
film of the titanium samples. The assays were performed 
in an aerated medium. Saturated calomel was the reference 
electrode and graphite bars were used as counter electrode. 
It was applied during the voltammetry test (Einicial = − 715 
 mVsce, Evertex = 1000  mVsce; Efinal = − 715  mVsce and 
Einicial = − 715  mVsce, Evertex = 3000  mVsce; Efinal = − 715 
 mVsce) at a rate of 3.1 mV s−1.
The erosion equipment in aqueous medium rotates in an 
axis, and samples are placed in one of its ends. The stirring 
speed (SS) employed in this research were 4.2 m s−1 and 
8.2 m s−1, similar to other authors [10–12]. Analyses were 
also performed with the resting samples. In previous studies 
conducted by the LAPEC/UFRGS, Ludwig et al. [13] used 
this equipment to analyse erosive wear on AISI 410 stainless 
steel with WC10Co4Cr spray layer on open circuit potential. 
This study was used to validate this device [14].
As aqueous medium (constant volume of 6 L), a suspen-
sion of silica particles (erodent) in 0.5% NaCl (wt%) was 
used. The pH of the aqueous medium was measured with a 
PHS—3D pH Meter Sanxin model. The silica particles had 
a particle size distribution between 250 and 500 µm and 
were dispersed at different concentrations to evaluate the 
effect of erodent concentration. The particles used for ero-
sion wear in aqueous media have a nominal particle size of 
250–500 µm (D50 < 300 µm). The same percentage (10%) 
eroding agent was also used by other authors [17, 19, 20]. 
Smaller percentages of eroding agent were used to evaluate 
the influence of erosive wear on the electrochemical behav-
iour of the samples. Table 1 shows the systems used for the 
electrochemical tests performed simultaneously with the 
electrochemical slurry erosion wear method. Three repeti-
tions were conducted for each proposed configuration.
For these tests, commercially pure titanium disks 
(99.75% ± 0.05%) were used, with dimensions of 29 mm 
diameter and 0.5 mm thickness. The exposed sample area 
(in contact with the electrolyte) was 491  mm2. Samples 
were sanded with # 120 to # 1200 grade silicon carbide 
sandpaper. Average Surface Roughness (Ra) and (Rz) were 
measured on a linear roughness meter (Mitutoyo SJ-400), 
following the recommendations of ISO 4287: 1997, and 
were approximately 0.3 µm and 2.3 µm, respectively. After 
sanding, cleaning with neutral detergent and water was per-
formed, followed by acetone cleaning, and the samples were 
Fig. 1  Scheme of the equipment used in the tests
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subsequently dried with forced air. Immediately after clean-
ing, the samples were subjected to the electrochemical slurry 
erosion wear method.
The results obtained in the potentiodynamic curves, in 
relation to the electrochemical behaviour, were used to 
determine the protective capacity of the anodic titanium 
oxide film under the different conditions studied in this 
work. The ratio of current density in the anode direction 
to the cathode direction was used as protection index. The 
higher this rate is, the more protective the film formed under 
the test condition is. The potential chosen to study the pro-
tective capacity was 600 mVsce. For a similar purpose, the 
value of the corrosion potential in the cathodic direction 
for each condition tested was analysed using the analysis 
of variance (AV)—ANOVA [15–18]. The statistical analy-
sis allows to determine the effect of each parameter studied 
and their interactions (stirring speed, erodent percentage and 
maximum applied potential) on the corrosion potential in 
the cathodic direction, and consequently on the protective 
capacity of the superficial oxide. For the AV, three repeti-
tions were conducted and a confidence level of 95% (sig-
nificance level α = 0.05) was determined. Analyses were 
performed using the Minitab 16 software.
The surface of the samples of the systems proposed 
in Table 1, after the electrochemical slurry erosion wear 
method with 3000  mVsce maximum potential scanning 
(anode direction), were analysed by using a Bruker Contour 
GT-K Optical Interferometer.
In order to analyse and compare by ellipsometry, the 
oxide thickness formed in the potentials and regions stud-
ied in this work, the samples were subjected to the applica-
tion of a fixed potential (chronoamperometry) over 6 h. The 
potentials in the passive region (500 mVsce) and the high 
potential region (1900 mVsce) were determined according to 
these zones of interest of the potentiodynamic curve shown 
in Fig. 2. The tests were performed under agitation, as per 
the stirring speed proposed in Table 1.
The thickness of the passive film formed in the high 
potential regions (1900 mVsce), in the samples submitted to 
chronoamperometry, with speeds of 4.2 ms−1 and 8.2 ms−1 
and, at rest, without erodent, were determined by the Sopra 
spectral ellipsometer GES-5E by using a spectral range of 
350–750 nm, an incidence angle of 75.11° and a refractive 
index: nw = 2613. Due to the high surface roughness of the 
samples submitted to the electrochemical slurry erosion 
wear method with erodent, it is not possible to use spectral 
ellipsometry to measure the thickness of the surface oxide 
formed in these samples.
3  Results and Discussion
Figure 2 shows the potential sweep obtained from the ero-
sive wear equipment of the S0_0 system with the sample 
at rest (SS = 0.0 m s−1). The result of the anodic scanning 
is very similar to that presented by other authors [19, 20]. 
The areas indicated in red exemplify the zones of interest 
that were the object of study in this work. Figure 2 depicts a 
sudden increase of current in the region of high potentials. 
In order to study the origin of this current increase, cyclic 
potential scans with two different maximum potentials were 
applied. The sweep up to 1000  mVsce aimed to keep passiv-
ity unchanged and to observe the influence of the presence of 
Table 1  Systems used for testing electrochemical slurry erosion wear
Concentration of erodent used in suspension in 0.5% NaCl solution 
(wt%)
System Stirring speed (m s−1) Erodent (wt%)












Fig. 2  Polarization curve (voltammogram) for a sample in the 
unstirred (resting) system used to demonstrate the regions of interest 
in this work. Potential sweep speed 3.1 mV s−1
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the passive layer on the reverse cycle, without the influence 
of the current peak already commented. This behaviour of 
the material in the passive condition was compared with 
the behaviour of the titanium curve in the cathodic scan, 
with the presence of the peak current (3000 mVsce maximum 
potential scan). Arrows indicate the direction in which the 
potential scan was applied.
The result of the test performed on the S0_0 system, with 
a maximum applied potential of 3000  mVsce (Fig. 2), exem-
plifies the behavioural tendency found in the other systems 
proposed in this study. It is noticed that the cathodic poten-
tial sweep presented current densities substantially lower 
than the anodic potential sweep, that is, the anodic sweep 
promoted the protection capacity of the oxide formed, even 
with the increase of current density in high potentials (above 
1500  mVsce). This behaviour of titanium has been found by 
several authors in different media and has always been asso-
ciated with a modification of the film both in its thickness as 
well as its structural characteristics [1].
The polarization curves with maximum potential of 1000 
 mVsce and 3000  mVsce in 4.2 m s−1 systems, presented in 
Table 1, are shown in Fig. 3. It is noticed that as the erodent 
content to the electrolyte increases, there is a tendency of 
displacement of the bias curves towards increasing current 
density. Therefore, as erosive wear in the aqueous medium 
acts on the samples, the passive film is partially removed, 
affecting the electrochemical behaviour of Ti, as demon-
strated by the relative increase in current densities of the 
erodent systems.
Similar to the tests with maximum potential of 1000 
 mVsce (Fig. 3a), the tests with maximum potential of 3000 
 mVsce (Fig. 3b) did not show an increase of the corro-
sive process of the studied titanium samples, as shown 
when decreasing the current density in the cathodic 
scan direction, indeed, presenting a corrosion potential 
2 (Ecorr2) (cathodic direction) nobler than the corrosion 
potential 1  (Ecorr1) (anodic direction).
The high potential region (Fig. 2) of the systems studied 
at rest and with SS = 4.2 m s−1 showed a peak (above 1500 
 mVsce, approximately), which is characteristic of titanium 
in different electrolytes. The same result was observed by 
different authors. Assis and Costa [21] conducted studies 
of polarization curves and electrochemical impedance and 
found that in this range of potentials a rupture of the pas-
sive film occurs, which causes the substrate to be exposed 
and titanium to be degraded. Cai et al. [22] attributed 
this peak to passive film cracking reactions, followed by 
repassivation. However, the cathodic potential scanning 
presented in this study, which was not performed by the 
aforementioned authors, showed a significant decrease in 
current densities. Therefore, this result would rule out the 
possibility of metallic substrate degradation in the high 
potential region. Tanvir et al. [23] attribute to an increase 
in conductivity of the film generated by the transformation 
of the amorphous state to a crystalline phase (anatase) 
[24]. Liu et al. [25] mention that this increase in current 
density is associated with oxygen evolution. Alves et al. 
[26] comment that this peak occurs due to the growth of 
the passive  TiO2 film or the shift from TiO and  Ti2O3 to 
 TiO2 [27]. However, the results of the present study sug-
gest the mechanism previously proposed by Kolman and 
Scully [28], and Mazzarolo [29] in which the increase 
of current density, besides the passive value, verified in 
this potential range (from 1000  mVsce) would be asso-
ciated with oxygen evolution. Depending on the thick-
ness attained by the surface film, current density may 
be reduced before reaching 3000  mVsce, provided that a 
limit thickness is reached that makes it difficult to tunnel 
Fig. 3  Polarization curves with stirring speed of 4.2 m s−1 with the addition of different erodent concentrations. a Maximum potential of 1000 
 mVsce; b maximum potential of 3000  mVsce
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electrons through the passive film, thus reducing the cur-
rent density associated with oxygen evolution above a cer-
tain potential.
The equilibrium potential  (EPsce), in mV, for oxygen evo-
lution was obtained through Eq. (1), and an approximate 
oxygen evolution potential of 1059  mVsce was found at pH 
7.0 (measured) at 25 °C.
Vijh [30] comments that, among the various valve materi-
als considered, the limiting thickness for tunnelling through 
titanium oxide  (TiO2) is a borderline case regarding the bar-
rier behaviour to the passage of electrons during the oxygen 
evolution process. Given that in the case of titanium oxide, 
tunnelling will not only depend on the width of the boundary 
barrier for  TiO2 tunnelling, changes in oxide behaviour may 
be generated by some minor changes in the stoichiometry 
or chemical composition of the oxide, which can facilitate 
or inhibit the passage of electrons by changing the value of 
60 Å from the previously defined limit thickness for  TiO2.
Figure 4 shows the polarization curves found in systems 
with 8.2 m s−1 speed. Similar to the systems shown in Fig. 3, 
as the percentage of erodent increases, the current density 
increases. However, this increase in current was much more 
intense in systems S8.2_10. Comparing specifically with 
10% erodent systems (S4.2_10 and S8.2_10), the current 
density in the passive region increases approximately ten-
fold in the system with the highest stirring speed (S8.2_10). 
This indicates that the mechanical removal of the film causes 
the film formation current to increase to maintain the same 
electric field or even electrochemical potential. The current 
is essentially of titanium oxide formation according to the 
reaction: Ti + 2H2O = TiO2 + 4 H +  + 4 e−.
(1)EPsce = 1230 − 59 ⋅ pH + 242
The increase in passive current density observed on the 
0% erodent curve at 8.2 m s−1 is probably related to the 
dissolution of the passive film due to hydrodynamic shear 
stress.
The high potential region (above 1200  mVsce) of the 
8.2 m s−1 systems did not show the peak found in the rest-
ing and 4.2 m s−1 systems. According to Mazzarolo et al. 
[29] this behaviour at high potentials may be associated with 
two components of current density: the first is related to the 
growth of surface oxide, which, according to this author, 
has already occurred at lower potentials. The second com-
ponent of current density would be related to oxygen evolu-
tion. Therefore, the peaks found in polarization curves at 
potentials near 1500  mVsce are probably not the result of 
passive film breaking, as reported by Ramires and Guastaldi 
[31] and Alves et al. [26].
According to Vijh [30] appreciable electron tunnelling 
and oxygen evolution occur easily in valve metals when the 
oxide film has got a thickness of less than 60–70 Å and can 
reach up to 100 Å, with increased tunnelling difficulty. The 
limiting tunnelling thickness of  TiO2, according to the same 
author, is equal to 64 Å, that is, passive  TiO2 film thick-
nesses greater than this value would make tunnelling dif-
ficult. As mentioned above, Vijh warns that slight variations 
in film stoichiometry may change this value. However, the 
magnitude of these values is compatible with the thicknesses 
measured in this study, through the spectral ellipsometry 
technique, in the samples submitted to chronoamperometry 
(Fig. 5), in the potentials close to the maximum current den-
sity found in the high potential peaks (Table 2). 
This result reinforces the hypothesis of passive oxide 
growth and oxygen evolution in the high potential region 
in the 4.2  m  s−1 speed curves (Fig.  2), because when 
the high potential current increases and is followed by a 
Fig. 4  Polarization curves with stirring speed of 8.2 m s−1 with the addition of different concentrations of erodent. a Maximum potential of 1000 
 mVsce; b Maximum potential 3000  mVsce
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sudden decrease in the current, this decrease is probably 
caused by the thickening of the passive film in the sample 
and the consequent increase in the difficulty in electron 
tunnelling and reduction in oxygen evolution [28]. The 
fact that the film thickness of samples subjected to 500 
 mVsec chronoamperometry is under the detection limit of 
the spectral ellipsometry technique is further confirmation 
of the occurrence of oxide thickening in the high potential 
region.
However, at the speed of 8.2 m s−1 at which the current 
at high potentials continuously increases (Fig. 4), the pas-
sive film probably did not grow to the limit thickness value 
for titanium oxide to minimize electron tunnelling. Thus, 
when the applied voltage reaches the high-power region 
(maximum 3000  mVsce) the passive film thickness does not 
hinder the tunnelling and oxygen evolution and follows the 
current increase, as proposed by Mazzarolo [29].
Probably, the smallest passive film thickness of the test 
at 8.2 m s−1 (Table 2) is associated with passive film dis-
solution caused by hydrodynamic issues. It is known that 
the drag force (DF) and shear stress (δ) can be calculated 
by Eqs. (2) and (3):
where CD is the drag coefficient (depends on body geom-
etry), A is the contact area of the sample with the fluid 
(electrolyte), ρ is the specific mass of the fluid and V is the 
stirring speed of the sample. Thus, the approximate values 
of the stress on the sample wall generated by the drag force 
at the stirring speeds of 4.2 m s−1 and 8.2 m s−1 were at 
11 kPa and 42 kPa, respectively, that is, at the 8.2 m s−1 
speed the shear stress was approximately 4 times higher than 
at 4.2 m s−1. Therefore, this increase in shear stress on the 
sample wall may have assisted in the dissolution of the pas-
sive film, causing a decrease in the surface oxide thickness, 
facilitating electron tunnelling. As previously mentioned, 
larger surface film thicknesses were found at high potentials 
at a speed of 4.2 m s−1.
In the high potential region, the stirring speed of 4.2 m s−1 
presented higher current densities than those obtained by the 
stirring speed of 8.2 m s−1 (Figs. 3 and 4). This is due to the 
different behaviours of the metal with the two speeds men-
tioned in the high potential regions, probably associated with 
stoichiometric variations that titanium oxide may present, 
and the hydrodynamic stress variations mentioned above.
Figure 6 shows the passive film protection index, as 
described in item 2 depending on the conditions of each 
test. The protection index of the film formed up to the 
maximum applied potential of 3000 mVsce was higher 
when compared to the results found in the curves up to 
the maximum potential of 1000 mVsce. This difference was 













Fig. 5  Chronoamperometry with stirring speed of 4.2 m s−1 and 8.2 m s−1. a Chronoamperometries on the 4.2 m s−1 curves; b Chronoampero-
metries in the 8.2 m s−1 curves
Table 2  Film thickness of samples subjected to 1900  mVsce chrono-
amperometry obtained by ellipsometry
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S4.2_0, S4.2_2.5). This is explained by the growth of the 
previously discussed surface film.
The large difference between the protection indices 
in the 8.2 m s−1 and 4.2 m s−1 tests, even in tests with-
out erodent (S4.2_0 and S8.2_0), also demonstrated the 
great influence that the stirring speed and the consequent 
increase of the Hydrodynamic stresses involved had on the 
thickness of the surface film and, consequently, on the cor-
rosion resistance of the titanium samples. Thus, the speed 
of 8.2 m s−1 decreased the corrosion resistance of titanium 
samples even in the erodent-free system.
In order to analyse, in detail, the influence of the differ-
ent parameters was employed: stirring speed, erodent con-
tent, maximum applied potential and the synergy between 
these parameters in the behaviour of the electrochemical 
slurry erosion wear method, the generalized ANOVA sta-
tistical tool was used. This tool was used for the Corrosion 
Potential 2 (Ecorr2) values in the cathode scan (Fig. 2), as 
detailed in item 2. The p value results are presented in 
Table 3.
As high corrosion potentials indicate that the material has 
higher corrosion resistance (assuming unchanged cathodic 
behaviour), the quality characteristic of Ecorr2 is greater is 
better.
As shown in Table 3, all major factors and all interac-
tions had a significant effect on Ecorr2, including the third-
order interaction: % Erodent × Stirring Speed × Maximum 
Potential (p value = 0.003 < α = 0.05). This means that the 
Analysis of Variance detected a synergy in all major factors 
acting simultaneously on the results found in Ecorr2. Figure 7 
shows the interaction curves of Ecorr2 in the proposed sys-
tems. The interaction graphs demonstrate how the relation-
ship between a categorical factor and a continuous response 
depends on the value of the second categorical factor. The 
more non-parallel the lines are, the greater is the strength of 
the interaction.
The Maximum Applied Potential (MAP) was significantly 
relevant to Ecorr2 (p value = 0.000067 < α = 0.05). As shown 
by Fig. 7b, d and f, the increase in Maximum Applied Poten-
tial lead to increased  Ecorr2, which is in agreement with the 
protection index found (Fig. 6). In addition, the high oxide 
thicknesses determined by ellipsometry (Table 2) confirm 
the hypothesis of passive film thickening in the high poten-
tial region [21]. The erodent content showed a statistically 
significant difference (p value = 0.002 < α = 0.05). As shown 
in Fig. 7c and e, the higher the erodent content used is, the 
lower the potential for corrosion is, namely, higher erodent 
percentages removed the passive film more efficiently and 
decreased the protective capacity of the film. However, as 
seen in Fig. 6, the erodent effect was less intense than the 
stirring speed factor and was closely related to the synergy 
(interaction) between the stirring speed factor and erodent 
Fig. 6  Protective Index of the 
different systems
Table 3  Three-factor variance analysis (p value) on corrosion poten-
tial 2 (Ecorr2)
*The Minitab software package displays the p value = 0 when the 
results tend to zero






 Erodent × stirring speed 0.001
 Erodent × maximum potential 0.0*
 Stirring speed × maximum potential 0.007
 Erodent × stirring speed × maximum potential 0.003
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content (p value = 0.001 < α = 0.05). The effect of this syn-
ergy on the surface morphology of the samples is exempli-
fied in Fig. 8b.
Figure  7a, shows that between the stirring speed of 
0 m s−1 and 4.2 m s−1 there was a tendency of increase 
of Ecorr2 in all systems proposed in Table 1. This tendency 
was confirmed by VA (p value = 0.0 < α = 0.05) due to the 
increase in surface film thickness that occurred in these sys-
tems, which was commented earlier. Ecorr2 decreased at the 
speed of 8.2 m s−1, that is, at this speed the passive titanium 
oxide film was worn/eroded, preventing it from reaching the 
same thickness under less severe wear/erosion conditions. 
Thus, Ecorr2 in 10% erodent systems (S4.2_10 and S8.2_10 
system) showed the lowest corrosion potentials due to the 
strong stirring speed interaction and the erodent content on 
the protective capacity of the film, as per Fig. 7f.
Figure 8 exemplifies the surface morphology of samples 
subjected to the electrochemical slurry erosion wear method. 
Fig. 7  Ecorr2 interaction graphs in the studied systems. a Erodent content × stirring speed; b erodent content × maximum potential; c erodent con-
tent × stirring speed; d stirring speed × maximum potential; e erodent content × maximum potential; f stirring speed × maximum potential
Fig. 8  Topography of samples after electrochemical/erosion testing with maximum potential of 3000  mVsce. a Sample after test with 2.5% ero-
dent content and 8.2 m s−1; b Sample after test with 10% erodent content and 8.2 m s−1
Journal of Bio- and Tribo-Corrosion (2021) 7:8 
1 3
Page 9 of 10 8
Figure 8a exemplifies the surface behaviour of all systems 
except S8.2_10 (Fig. 8b). Figure 8a shows the groove pattern 
resulting from the sanding process during the previous sam-
ple preparation. However, as shown in Fig. 8b, the grooves 
associated with sample preparation in the system with 10% 
erodent and 8.2 m s−1 are not noticed. Indeed, only the ero-
sive wear remains. This morphology is due to the strong 
interaction between stirring speed and erodent content, as 
shown in the statistical analysis (Fig. 7).
Although the synergy between stirring speed and ero-
dent percentage affected the protective capacity of the film, 
the protection index for S8.0_10 was greater than zero, 
thus indicating that the electrochemical slurry erosion wear 
method was unable to completely remove the titanium oxide, 
while still maintaining the partially protected surface of 
the solution. This shows that in this system, the protective 
capacity of titanium oxide was reduced to values close to 
the corrosion protection limit as indicated in Fig. 6 by the 
protective index.
4  Conclusions
Based on the results, under the conditions employed in the 
present work, our conclusions are as follows:
• The action of erosive wear in aqueous solution changed 
the behaviour of the passive surface oxide film. This new 
equipment and technique employed allowed the analysis 
of the electrochemical behaviour of pure titanium sam-
ples while erosive wear was acting on the samples sur-
face. The S8.0_10 system presented a passive oxide with 
the lowest corrosion protection capability.
• The analysis of the protection index determined at the 
600  mVsce potential showed the great influence that the 
stirring speed, and consequently, the hydrodynamic 
stresses, had on the corrosion resistance decrease of the 
titanium oxide;
• Increasing erodent percentage decreased the protection 
index of commercially pure titanium. However, this 
reduction happened less intensely than the stirring speed. 
The erodent percentage action is strongly influenced by 
the stirring speed x erodent percentage synergy, as shown 
by the ANOVA analysis of variance with a 95% confi-
dence level.
• Increasing the maximum applied potential (from 1000 to 
3000  mVsce) contributed to improve the passive film pro-
tective capacity, since there was a surface oxide thicken-
ing combined with oxygen evolution in the high potential 
region.
• In tests without solution agitation and V = 4.2 m s−1, 
the increase and subsequent decrease in current density 
is associated with oxygen evolution and increased dif-
ficulty of electron tunnelling generated by passive film 
growth, which was measured by spectral ellipsometry 
technique. The curves at 8.2 m s−1 did not show this cur-
rent decrease, regardless of the presence or absence of 
the erodent, maintaining the oxide thickness due to the 
larger hydrodynamic effects of this stirring speed, below 
the critical thickness, facilitating electron tunnelling and, 
therefore, the oxygen evolution.
• This study broadens the understanding of titanium oxide 
behaviour in aqueous medium with and without the pres-
ence of erodent and opens a window of new possibilities 
for commercially pure titanium applications.
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